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ABSTRACT 

I n  this paper  w e  r ev iew t h e  p r e s e n t  s t a t u s  of cosmology, 

F i r s t  we stress the a p p l i c a b i l i t y  of l a b o r a t o r y  t e s t e d  

p h y s i c a l  laws t o  t h e  s t u d y  o f  o u r  CJiiiverse by g i v i n g  examples  

of e x t r c m e l y  accurate laws of pliysi cs. Second we rev iew 

the a s t r o n o m i c a l  i n f o r m a t i o n  reqarcl ing the large scale  

s t r u c t u r e  of o u r  Un ive r se .  From this infor i i i , i t :  i.on tlllc? 

Einstcin-Prieclmnnn cosmology i s  devcl.opcc1. Next w c  drsci- i 1 ) ~  

the p h y s i c a l  p r o c e s s e s  t h a t  t a k e  placc? d u r i n g  t h o  evol t i t i o n  

of o u r  Un ive r se .  We t h e n  dcscri IC how cosinol.oqica1 t-lieori.c?s 

U n i v e r s e  and by o b s e r v i n g  t i l ( -  lr{ t - 7 ~  s c n i  c3 stritcture of o u r  

U n i v e r s e  ( s u c h  a s  .ihe 3 O K  cosmic  r ad io  s p e c t r u m ) .  I t  a p j ) c a r s  

that o u r  U n i v e r s e  can  be d e s c r i b e d  by the open nwde l  of  the 

big bang t h e o r y .  
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In t rocluc t i o n  __-- 
I-___ ---- 

>Ian h a s  long s o u g h t  .-o know the p a s t  a s  well a s  t11e f u t l l r e  

c o u r s e  of e v o l u t i o n  of his Universe, hut o n l y  i n  rccpnt-.  ypa1-:; 

hnn l i p  .;uccrcclctl i n c v c n  pai*t i . ; \ l ly  unclc.i-ntnn(li nq 111,w j.k o r  i '1  i - 
n r - i t c c ? .  Ant1 alt l ioiir~h Ire c a n n o t  y c t  prwlict: the n n t - u r c !  of tl1c 

U n i v e r s e  w i t h  c o n f i d e n c e ,  he n o w  knows h o w  t o  proccccl t o  I c a l - n  

aboiit i ts c o u r s e  of e v o l u t i o n .  

Cosmology, l i k e  a l l  s c i e n c e s ,  m u s t  be basc~cl 011 01~se1-v tI i o n a l  

or c x p p r i m c n t a l  data. I l n f o r t i i n a t - c  1 1 7 ,  u n t i l  I-ccc:nt 1 y , nlj::(li-va- 

tion;\l d a t a  r e l e v a n t  to cosn io loy i  c n l  t l l e o r i e s  ~ T P I - ( \  v i  1 - I - r l n l  l y  

n o n e x i s t e n t .  I n  the absciiw n f c i , i t  a ,  cosrnolocjy i1,1(1 I)r\roinn I I I V  

h u n t i n g  ground of s p e c u l a t o r s .  Sornr. t h e o r i . c s  w c r e  l J a : ; (> ( j  0 1 1  

h y p o t h e t i c a l  a s s u m p t i o n s  concerninq a srnall v i o l n t i  on o f  ~ ~ l i y : :  i c a l  

l a w s  ( s u c h  a s  e n e l - 9 y  nonccjnse i v a  t- ion or t h c  ineq\i,a 1 i t y  o C p1-oC.on 

e l e c t r o n  c h a r q c s )  ; othcrs w c r c '  hascd o n  cosmoloqi 1.171 pr i  nci plcs 

imposcd by man. T n t c r o s t i n g  a s  tlicse t h e o r i e s  may l x ,  I-licy llave 

c o r i t r i h u t e d  l i t t l e  t o  a n  un t io r s t and j  rig of t h e  a c t u a l  cn i i r sp  o f  

e v o l u t i o n  of  the l i n i v e r s c .  

Cosmology s h o u l d  be reqai-decl TIP, a branch  of p h y s i c s  ; in t i  

hence s i l h j e c t  t o  t h e  laws of p h y s i c s .  S p e c u l a t i o n s  shoultl 

v e r i  f i ; ~ h l c !  i n  t-ho l a b o r a t o r y  of p h y s i c s .  13Pca\isc? we ar(1 t l i \ , i  I i r i q  

w i t h  c o s r m 1 o y i c a l  scales (of a t i m e  d u r a t i o n  i n  the 01-del- o f  

t e n  ) ) i  J - l i o n  y e a r s ,  o r  of a S p a t i a l  e x t e n s i o n  of the d i n ~ c n s i o l l  

of I O 2 '  c m ) ,  one may a r g u e  t h a t  laws v e r i f i e d  i n  the l a b o r a t o r y  

may n o t  be applicable t o  t h e  U n i v e r s e ,  and t h a t  one  m u s t  i n v c n t  
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, 
d i f  r e r e n t  l aws .  Th i  8 approach is  i n c o r r e c t .  J?vj (leiicc show:; 

* h a t  some w e l l - e s t a b l i s h e d  p h y s i c a l  l a w s  are c l e a r l y  al'pl i c;il)le 

I t o  the u n i v e r s e .  

Because o f  g a l a c t i c  r o t a t i o n  and the r e l a t i v e  m o t i o n  or 

~ 

the s u n  w i t h  r e s p e c t  t o  o ther  s t a r s ,  .i 11 tlie course of a Iitiiiian 

e l e c t r o n  c h a r g e  e ,  o r  the cir; ivi  t a  t i anal c o n s t a l i [  G )  cliaiiqes 

w i t h  r e s p e c t  t o  otlinr pliys i ('(1 1 c r ) i l : ; I  a l r i  s ( s u c h  a s  t l i ~  ~ l n ~ l c k  I s  

c o n s t a n t  h c t c . )  i n  t 1 1 ~  CO\II-:I;C o i  r:volui-ioii o f  o i i r  tjiiivcr-:;(>. 

Suppose  i t s  msgni tu t le  has  clic~nyecl by i\ f a c t o r  of t.wo i n  Vlie 

l i f e  span  of o u r  Universr: (in t-he o r r lp r  of l o 1  

i f  we c a n  per form an experimcii t  t o  ,111 a c c u r a c y  of ? 0 , we P,I I I  

a l r e a d y  d c t e r m i n e  whether  t h i  s phys i  r a l  c o n s t a n t  ( s i l c l l  a s  I . l ,r? 

scxc-onrls) . ' l ' l i cn  

10 

e lec t r ic  charge e ,  g r a v i t a t i o n a l  c o n s t a n t  C ' ,  e t c . )  h , i c :  > ( * t i l a 1  ly 

changed hy a factor of two over the a y e  of the U n i v c r s c .  Si i ( - I i  

a n  a c c u r a c y  i s  n o t  t o t a l l y  beyond o u r  c a p a b i l i t y .  In f . I(- t ,  , I  

number of e x p c r i m c n t s  g i v i n g  a11 a c c u r a c y  much h iq l i e r  than  o 1 i ~ ~  

p a r t  i n  l o l o  have  been performed. 

of precise e x p e r i m e n t  a r e  g i v e n  b e l o w :  

Severa l  examplcs  o f  t l i i s  l.yp,e 

1. The  e q u a l i t l o o f  e l e c t r o n  and p r o t o n  c h a r g e .  - 7 t  i s  

g e n e r a l l y  a c c e p t e d  t h a t  atoms are n e u t r a l .  To what d c y r c c !  1 :; 

an atom n e u t r a l ?  I n  a n  atomic Iwam e x p e r i m e n t ,  Vernon W. I l \ l c l l i c s  

of Y a l e  U n i v e r s i t y  d i s c o v e r e d  t h a t  any  d i f f e r e n c e  between the 

c h a r g e  of e l e c t r o n s  a n d  t h e  c h a r g e  o f  t h e  n u c l e u s  had t o  bc 



y e a r s .  

2 1  less t h a n  oil ‘* p a r t  i n  1 0  . T h u s ,  i n  p r a c t i c e ,  atoms c a n  be 

t n k c n  t o  be s t r i c t l y  n e u t r a l .  

2 .  L o r e n t z  i n v a r i a n c e  of c h a r g e .  Docs t h c  c h a r g e  of a n  -- 

cl.cctron depend on  i t s  v e l o c i t y ?  I n  ~ l u g h e s  ’ e x p e r i m e n t ,  s c v ~ r a l  

t y p e s  of atoms were used  w i t h  orhilal vc7oc:it i .r ls  o f  t h e  e l e c t r o n s  

r a n q i n g  from c ( c  = 1iq1it vc loc i  t y )  t o  0.1 c.  17rrnrn h i s  

e x p e r i m e n t  i t  may bc conclutlcti  that .  the e lec t r ic  c.harge s t a y s  

c o n s t c + n t  t o  one  par t .  i r i  1 0  for clc~ctrons w i t h  v e l o c i t - i c s  up 

t o  0 . 1  c.  

1 7  

3 .  Isotrom of the i n e r t i a  mass. I t  has bccn acccptc t l  

t h a t  the property of mass i s  i sot-ropy, t h a t  i s ,  \111(1cr t h e  ac t - ion  

a g r a v i t a t i o n a l  f i e l d  (or  o t h e r  f i c.3 (1s) the accc>’l crat i oii of ,-I 

mass i s  i n d e p e n d e n t  of i t s  cli 1 -ec t inn  i n  the I I n i  v ( s ! -  . To w l ~ a t  

e x t e n t  i s  t h i s  t r u r b ?  V e r n o n  W. I l t i c ~ t i c s  a g a i n  S I I O W I  1 1  i 1 1  1 1  mi‘::; 

-- -__--- -_ 

4. L o n y c v i t y  of the protons. T t  i s  acceptccl t h a t  j~ i -o tons  - -c_- - 
are  s t n b L . 3 .  B u t  how s t a b l ~  itre t l iey? F r e d e r i c k  R c i n 0 . s  dis- 

c o v e r e d  t h a t  if p r o t o n s  were u n s t a b l e ,  t h e i r  1ifet:i.me a q n i n s l - .  

a l l  possil.21.e modes of decay  must exceed 1 0  y e a r s .  This i.s 

many tjrii2s g r e a t e r  t h a n  the age of t h e  U n i v e r s e ,  w i i i c h  i s  1.0. 

26  

1.0 

5 .  -. V a r i a t i o n  of t h e  g r a v i t a t i o n a l  c o n s t a n t .  R o k r t  11.  

D i c k I x  and his assoc ia t e s  a t  P r i n c e t o n  U n i v e r s i t y  havt. shown 

t ! i a t  t h e  g r a v i t a t i o n a l  c o n s t a n t  i s  c o n s t a n t  ( a s  measured a g a i n s t  

I h~ t-lec- i o~::<ig: \ . . t ic  i n t e r a c t i o n )  t o  one  p a r t  i n  1 0  over a 
9 

p~r ioc’ l  of  one y e a r .  If D i c k e  c a n  e x t e n d  h i s  measurement t o  



tt.lo or more powers of t e n ,  t h c n  the c r u c i a l  q u e s t i o n  as  t o  
I 

w l i c t l i c r  the gravitational c o n s t a n t  i s  c o n s t a n t  over  t h e  1.j.Fe 

spa11 of t l i e  Univcr:;c can 1.w a n s w e r & .  

6 .  V a r i a t i o n  of the e l e c t r i c  c h a r ( ~ c .  Dyson has p o i n t e d  

o u t  t h a t  t h e  e lectr ic  chnrcj(1 vi\Iinot v a r y  ( v i  t l i  rcspect to the 

n u c l e a r  i n t e r a c t i o n  strenqt;)) .>y ~'107-c t l l n n  nnc pprcent clurinq 

the e n t i r e  l i f e  s p a n  of L.ic L i ~ i . v + - ) ; - ~ , > .  

- -_  - ---- - - -  - -- 
I 

I 

- - - - --- - 

'i'iie basic c o n s t i t u e n t s  o f  the Unive r se  are  t h e  five f u n t i n -  

r m n t a l  ;]art icles:  p r o t o n s ,  n e u t r o n s ,  e l e c t r o n s ,  p h o t o n s ,  ant1 

n e u t r i n o s .  N e u t r i n o s  a re  ashes from n u c l e a r  f i r e s  i n  S t a r s ;  
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n r l  i n  o r d i n a r y  m a t t e r ,  Thc other p a r t i c l e s  

make up t h e  nuc lc i i s  and atom, g l u e d  t o g e t h e r  by t h e  n u c l e a r  . 

force ant7 t l i e  c l c c k r o m n g n c t i c  forcc to form o r d i n a r y  mat I 1 - r .  

Large  c o l l e c t i o n s  of m a t t e r  a r e  he]-cl t o g e t h e r  by g rav i l . ;  t o  

form s t a r s  and g r t l a x i c s .  As t ronomi .ca l ly ,  g a l a x i e s  can be dc- 

tecteci o v e r  d i s t a n c p  on t h e  cosmoloq ica l  scale .  ( G a l a x i e s  a r e  

a l s o  bound by g r a v i t a t i o n a l  f o r c e s  t o  f o r m  c l u s t e r s  of g a l a x i e s ;  

however ,  c l u s t e r s  of g a l a x i e s  a r c  n o t  a s  d e n s e l y  packed a s  

stars i n  g a l a x i e s . )  I n  cosmolog ica l  t h e o r y  it i s  c o n v e n i e n t  

t o  r e g a r d  g a l . a x i e s  as  the b a s i c  e l e m e n t s  of t h e  U n i v e r s e .  

5 1 2  11 G a l a x i e s  c o n t a i n  from 1 0  t o  1.0 stars ;  most c o n t a i n  3.0 

s t a r s .  The a v e r a g e  mass o f  a s t a r  i s  c l o s e  t o  one s o l a r  mass ,  

hence  t h e  a v e r a g e  mass of a g a l a x y  i s  1 0  grams.  4 4  

The d i s t r i b u t i o n  of g a l a x i e s  i s  g e n e r a l l y  i i n i f o r m  up t o  
1 7  

a d i s t a n c e  of 2 x l o 9  l i g h t  y c a r s  (one  l i g h t  y e a r  = 9 x 1 0  c m ) ,  

w i t h  a v a r i a t 5 o . i  of a few p 'ercent .  

i s  i s o t r o G  and ____I__- homogeneous t o  a d i s t a n c e  of 2 x l o 9  l i g h t  

I n  g e n e r a l ,  t h e  clistriI,u1;ion 

y e a r s .  The matter d e n s i t y  due t o  g a l a x i e s ,  a c c o r d i n g  t o  O o r t ,  

i s  3 x 10 -31 grams p e r  cubic c e n t i m e t e r .  The a v e r a g e  d i s t a n c e  

between two n e i g h b o r i n g  g a l a x i e s  i s  one  110 t w o  m i l l i o n  l i g h t  

y e a r s .  

The most i m p o r t a n t  q u e s t i o n  t o  a s k  is:  H o w  Cir? astronornj.ca1 

d i s t a n c e s  d e t e r m i n e d  o v e r  t h e  c o s m o l o g i c a l  s c a l e ?  T h e  a n s w e r  

i n v o l v e s  two s t e p s  of e x t r a p o l a t i o n .  

. C e r t a i n  stars,  c a l l e d  v a r i a b l e s ,  are found t o  v a r y  i n  t he i r  

light o u t p u t .  I n  '-91.2 M i s s  L e a v i t t  d i s c o v e r e d  a d e f i n i t e  
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r e l a t i o n s h i p  between t h e i r  l u m i n o s i t y  ( i n t r i n s i c  b r i g h t n e s s )  

3 -  a n d  t he i r  per iod of v a r i a t i o n .  T h e r e f o r e ,  i f  the p(3riod i s  

I 
I '  
I known) t h e  t o t a l  i n t r i n s i c  b r i g h t n e s s  c a n  be d e t e r m i n e d ;  

by comparing t h e  t o t a l  e n e r g y  o u t p u t  w i t h  t h e  a p p a r e n t  b r i g h t n e s s  

of va r i ab le  s ta rs ,  one  c a n  c i c t c rminc !  the d i s t a n c e .  The o n e  

va r i ab le  t h a t  i s  most u s e f u i  i n  c o s m o l o g i c a l  r e s e a r c h  is t h e  

Cepheid or  c l a s s i c a l  v a r i a b l e .  Its p e r i o d  r a n q e s  from 1 t o  

1 0 0  

li 

days and  i t s  l u m i n o s i t y  i s  i n  the r n n q c  1 0  4 t o  1 0  5 so lar  
3 3  l u m i n o s i t y  ( so la r  l u m i n o s i t y  = 4 x 1 0  ercjs/scc). Becausc of 

t h e  h i g h  l u m i n o s i t y  of t h e s e  va r i a l ) l e s ,  t h e y  c a n  I x  photographed  

even  i n  g a l a x i e s  a t  d i s t a n c e s  a s  f a r  a s  lo7 l i g h t  y r a r s .  

Using t h i s  method,  IIubhlc i n  1325  d e t e r m i n c d  the (1 i c:kance 

of a number o f  n e a r b y  g a l a x i e s ,  up to n d i s t a n c e  of l o 7  1iglit. 

y e a r s .  A few y e a r s  ear l ier ,  some a s t r o n o m e r s  had a l r e a d y  found 

t h a t  cx t c r n a l  g a l a x i e s  possess enormous r e c e d i n g  v e l o c i t i e s  

u p  t o  1 0 0 0  km/src. I I u 2 , l l l e  t i 1  :;;~:ovcI-(~~: that a l i n e a r  r c l a t i  onsh ip  

e x i s t s  b e t w c > c ) , ,  i J i~ l  r e c e d i n g  v c l o c z t y  (detcrmincci  by the s l i i C L  

of two c a l c i u m  a h s o r p t i o n  l i n e s  - 11 and K ,  and  t h e  d i s t a n c e ) .  

The r e d  s h i f t  i s  t h e  s h i f t  of spec t rum l i n e s  towaid  t h e  l o n g e r  

w a v e l e n g t h .  I t  i s  d e f i n e d  by 

h x 
x C 

z = - (2 i f  v e l o c i t y  i s  s m a l l )  

whe re  X i s  t h e  o r i g i n a l  wavel.cngth and  A A  i s  t h e  d i f f e r e n c e  

be tween t h e  s h i f t e d  wavelength  and  t h e  o r i g i n a l  wavelength  A .  

The d i s t a n c e  is d e t e r m i n e d  from t h e  Cephe ids  t h a t  Hubble 
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of t h e s e  g a l a x i e s .  T h i s  r e l a t i o n  t a k e s  

v e l o c i t y  (V) = €io t i m e s  d i s t a n c e  ( R )  

or 

V = I I  R 
0 

R is t h e  d i s t a n c e  and  IIo  i s  a c o n s t a n t  ( c a l l e d  I l u b b l e t s  c o n s t a n t ) .  

The m o s t  r e c e n t  v a l u e  of IIo i s  

11, = 1.00 km/sec/meqaparscc = .1/3x10’.~ scc. 

second  of a r c  = 3 .  2 6  l . i ( j i i k  t ; i t , i ~ - s )  . ‘i’hu:;, tlic rcCrrcI: i . i iq vc!l.oci \:y 

i s  100 km/sec i f  tIic distaiicc? i s  3 . 2 6  m i l l i o n  li(qj’! ?)‘pars. 

‘l’he e q u a t i o n  V = I I  R c e r t a i n l y  f a i l s  for disl:<ii!ces wll.i.r*licJive 

a va1.ue of V g r e a t e r  than 01: e q u a l  t o  c ,  the v e l o c i t y  of 1- i .c~ht .  It 

h a s  L>cen v e r i f i e d  to d i s t a n c e s  for wjiich V = 0 . 2  c ,  f o r  whicli 

t h e  d i s t a n c e  R i s  i n  t h e  neighborhood o f  2 x 1 0  l i g h t  y e a r s .  

0 

9 

If t h e  c u r v a t u r e  e f f e c t  i s ‘ n e g l e c t e d ,  t h e n  t h e  i n v e r s e  

s q u a r e  law s h o u l d  be v a l i d :  

where  F i s  t h e  total e n e r g y  o u t p u t  of a g a l a x y  ( l u m i n o s i t y  of 
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. .  

, '  

Y 

a g a l a x y )  and  f i s  t h e  f l u x  measured on the e a r t h .  Astronomers  

u s e  magni tudes  m t o  d e s c r i b e  t h e  flux measured on t h e  e a r t h ;  

t h e  r e l a t i o n  between m a n d  f i s  

m = - 2 . 5  log lof  t c o n s t a n t  

I Iencc,  a larger v a l u e  of in means a s m a l l e r  v a l u e  of f .  The  

measurement of t h e  magni tude  m is actunl .3  y clone a t  ccrtai.11 wave- 

l e n g t h s  (e.g., m is measured a t  a wavcI.cngth of 5500 A ,  ye l low 

light) . On the o t h e r  hand, 1~cau:;ci. o f  red s h i f t ,  the E 3  u x c ~ s  of 

different p a r t s  of the spcctrt1iI1 ai-(: :iutasurccl 2,iid t h o  ~ ) n i ~ t ~ t q i . ( i  [ y l ,  of 

t h e  s p e c t r u m  i s  al.so e f f e c t c c i .  ? ' h i i s ,  n correc- t ion  term m l i s t  he added 

t o  the measured m a c ~ i i i t u d e  . 
V '  

t h e  t r u e  magni tude  II.\ i s  r :e l .n tcd  t.o m through thc i:cl;tt.i.on: 

0 

V 

1 f t he  rncasureG n ~ ; ~ c j l ~  i j ,.I~'~: i s  m t h e n  

V V 

- 
Inv = m - k 

V r 

kr  i s  the c o r r e c t i o n  fcc tor .  

k i s  w!iat o f t e n  i s  referred to a s  the k - c o r r e c t i o n  t e r m .  T n  

a c t u a l  w o r k ,  log - i s  p l o t t e d  a g a i n s t  = m - k . If 

1 1 1 1 1 ) i ) l . e ' ~  l a w  i s  v a l i d  t h e n  t h e  r e s u l t i n g  c u r v e  i s  a st raicjht :  

l i . ? c b ,  f o r  c j a l a x i e s  hav ing  t h e  samc v a l u e  of F ( i . e . ,  t h e  saiiir 

1u:lii n o s i t y )  . 

I t s  17, iJ .ue  d e p n c i s  on the r e d  shif t .  

r 
A A  
x V V 3- 

IIowevcr, t h e  v a r i a t i o n  i n  l u m i n o s i t y  among g a l i : : ; i c s  i s  

q u i t e  l a r g e .  I n  a d d i t i o n ,  g a l a x i e s  possess some random mot ions  

amount ing  t o  as  much as  500  km/sec .  F o r t u n a t e l y ,  t h i s  random 
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moj;i.oIi becomes l e s s  i m p o r t a n t  f o r  d i s t a n t  g a l a x i e s  which possc?ss 

a h i c j I ~  v c l o c i t y .  I n  r e a l i t y ,  when log - i s  p l o ~ t e d  a g a i n s t  
, A  

111 - k a statistical d i s t r i b u t i q n  of p o i n t s  a round the tllcorc- 

t i c a l  l i n e  
V r '  

I 

l o g  = 0 . 2  (mv - k ) -t cons t .nn l - .  x r 

( s e e  F i q u r e  I )  
w i l l  r e s u l  . I n  o r d e r  t o  dckcrmine t h e  s h a p e  of the obsc?rvcd 

l i n e ,  one needs e i t h e r  ( a )  a l a r g e  number of samples ,  o r  (b) 

t y p e s  of g a l a x i e s  which havc s i m i l a r  l u m i n o s i t i e s .  I n  o t h e r  

v 

words I some s t a n d a r d  c a n d l e s  are n e c e s s a r y .  

Such s tandarc1 c a n d l e s  wre found by Sandaqe.  Iic f o u n d  

t h a t  the b r i . g h t c s  t members of c l u s  tcr:; of g a l a x i e s  have rouqhly 

t h e  same magni tudc .  'I%(? r e s u l t i n g  cui-ve of log - A A  v e r s u s  x 
(mv - k ) i s  a s t r a i g h t  l i n e .  Thi.:; i~i.1.1. be d i s c u s s e d  l a t e r .  

A r e  there o t h e r  f o r m s  of mattr-i- i n  t l i c ?  Universe besidcs 

r 

t h a t  found i n  g a l n x i c s  I n a m e l y  t h e  s o - c a l l e d  i n t e r y a l n c t i c  

m a t t e r ?  So f a r  n o  i n t e r g a l a c t i c  mat ter  h a s  been found. Sonic3 

m a t t c r  has been found  b e t w e e n  c e r t a i n  n e i g h b o r i n g  g a l a x i e s .  

However, t h e r e  i s  no  i n d i c a t i o n  t h a t  s u c h  a phenomenoii i s  

u n i v e r s a l .  

I f  the red s h i f t  of q u a s a r s  i s  cosmological i n  o r i g i n ,  I:hen, 

f rcx  the shape of a n  emis s ion  l i n e  of hydrogen ,  t h e  d e n s i t y  of 
-34  3 

i n L e r g a l a c t i c  n e u t r a l  hydrogen c a n n o t  exceed 1 0  g / c m  I 

a c c o r d i n g  t o  Gunn a n d  P e t e r s o n .  However, t h e  n a t u r e  of the 

red s h i f t  of q u a s a r s  i s  n o t  known w i t h  c e r t a i n t y .  
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c ja l ax ic s )  i n  the Universe  appears t o  bc i s o t r o p i c  as  w e l l  a s  

homoqcneous, with a d c r i s i t y  01: 3 x .LO -31 g/crn3. 

A r e  t h e r e  any  other forms of m a t t e r  o r  e n e r g y  which have 

R O C  l x e n  accounLed for?  To answer tliis q u e s t i o n  we must  f i r s t  

cxmi i Ie  t h e  e x i s t i n g  cosmolog ica l  thcoric~s.  

Cosmologica l  T h e o r i e s .  

~f a11 c o s m o l o g i c a l  theor ies  a r e  exc luded  which contain 

s p e c u l a t i o n s  v io l  a t i n q  c u r r e n t l y  a c c e p t e d  1)hysicnL laws, thvr 

only o n e  Lype can be coiisi.d.cr:r!tl. ‘r11i.s is the cosiriol o q y  

o r i g i n a l l y  f o r m u l a t e d  I J Y  F r i  l > r I m a I > r l ,  i7nsc.ci o n  I ; : instcin s t-ilc.ory 

of general  r e l a k i v i t y .  

riot t r u c  tor the c i c c t r o m n g n e t i c  f ic1.d.  ( A n  e3 ec tron w i  11 bc 

rcpc1lc.d i,y the f i e l d  of a n o t h e r  e l c c c r o n  w h i l e  a p o s i t r o n  

w i l l  be a t t r ac t ed  by i t . )  T h i s  p r o p e r t y  e n a b l e s  R i n s t c i n  t o  

treat t’1c c . r a v i t a L i o n a l  f i e l d  a s  a g e o m e t r i c a l  p r o p e r t y  O F  

space-time. i ience t n e  t h e o r y  of g r a v i t a t i o n  may G c  formulntccl 

by u s i n g  q e o m e t r i c a l  t h e o r y ,  the one usr\cl b e i n g  iii cmannian 

cjcometry.  E i n s t e i n ’ s  t h e o r y  c o n t a i n s  no  a d d i t i o n a l  c o n s t a n t s .  

‘*‘he g r a v i t a t i o n a l  constant i n  E i n s t e i n ’ s  theory 1 s  t h e  same as 
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that used  i n  ,.zwtoni.an t h e o r y .  I n  o t h e r  t h c o r i ( ? s  aclclitio11ai. 

c o n s t a n t s  must a p p e a r  (e.y.,  t h e  sca la r  f i e l d  t l ~ c o r y )  , Rin-4 

s t c ?  i n  ' s theory  also 51iows goocl ayreclnent w i t 1 1  the threc o r  

four  tests of g e n e r a l  r e l a t i v i t y .  I t  h a s  been  argued t h a t  

t h e s e  tes ts  do n o t  e x c l u d e  o t h e r  t h e o r i e s  b e c a u s e  of expc r i -  

mental i n a c c u r a c i e s .  To  m e ,  a t i i c o r y  h a s  a riglit. t o  e x i s t  

o n l y  a f t e r  i t  is  v e r i f i e d  b y  e x p c r i r n c n t s ,  E i n s t e i n ' s  t h e o r y  

h a s  been v e r i f i e d  by o b s e r v a t i o n s ,  even  though t h e  v e r i f i c a t i o n  

i s  riot v e r y  a c c u r a t e .  O t l i c r  tlicoiri.c?s, c . c j .  , t.lic sca1  ar t;hclr.,ry, 

h a v e  not evcn  ))et\n Vc?i: i  C i c t l  1.o any  ( l c ~ q r c ( ~  o f  ;~ rc .~~t -ncy .  A i-.llcory 

s l iou ld  n o t  be used  s i m p l y  1)cc;iusc: j t fiil.f.iI.:l  s ;I 1111 i I osoplt i c;11. 

n e e d .  For t h i s  r e a s o n ,  7: f a v o r  1: i r i s  t c in  1 s t h c o x y  ov('r o thcr  

t h e o r i e s .  

F o r  a t h e o r y  as conipi icatecl  T:F !.:instein's ( i t  con ta i . n s  

t e n  e q u a t i o n s  p l u s  a numbcr of su' l~si .dii i3-y c o n d i t i o n s )  , one  

m i g h t  e x p e c t  a i a r q c  clioice of cosrnoloqi-cnl t h e o r i e s .  Sur -  

p r i s i n g l y ,  i 7 i n s t e i n ' s  t h e o r y  g i v e s  o n l y  o n e  t y p c  of cosrnol.o(ly, 

namely  t h e  cosmology of  an  evol.viny U n i v e r s e .  T h e  nr;sumntion 

of i s o t r o p y  a;i<i iiornotjenei t y  d iscussec t  ea r l ie r  II;IS iiecn i.iivol.:~c? 

t o  a r r i v e  a t  this r e s u l t .  T h i s  cosmology w a s  f i rs t .  workccl o i i t  

by  A .  Fr icdmann,  a Russian p h y s i c i s t ,  i n  1 9 2 2 .  

The  Einstein-Frie(]mann t h e o r y  predicts  t h a t  a Universe i.S 

i n  a c o n s t a n t  s t a t e  of mot ion .  Let R be  the scale l e n g t h  o f  . 

o u r  Un ive r se  ( R  may be r e g a r d e d  a s  t h e  average d i s t a n c e  between 

two neicjhl,oring y a l a x i c s  o r  two c o n v e n i e n t l y  chosen  objects  

of re ference) .  The  s o l u t i o n  found by Friedmann r e g a r d i n g  t h e  

behavior  of R i s  i l l u s t r a t e d  i n  F i g u r e  3 .  
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A t  a c e r t a i n  t i m e  t h e  Unj-vcrse orj.qinatec7 w i t 1 1  a ze ro  

r a d i u s ,  and  s u b s e q u e n t l y  expanded. %‘lie c?xpansi on c011l.d be CI 

permanent  o n e ,  i n  which c a s e  the IJnivcrsi; i s  s a i d  tlo posscss 

a n e g a t i v e  c u r v a t u r e ,  o r  t o  b e  a n  opcn u n i v c r s c .  

t h e  e x p a n s i o n  c o u l d  s l o w  down and be r e p l a c e d  by A c o n t r a c t i . o n  

a t  s o m e  later t i m e ,  T h e r e a f t e r  t h e  Uni.verse would c o n t r a c t  

u n t i l  i t s  x a d i u s  e q u a l l e d  z e r o .  T h i s  type of U n i v e r s e  is said 

LU pussess d pusiiivc ~ u r v d i i i i e ,  WI. iu i J c  d ciusec.; G ~ i i . v e ~ s c ,  

C e r t a i n l y  n o t h i n g  c a n  p o s s e s s  A z e r o  r a d i u s  i n  t h e  real. 

Altcrnativcly, 

I. - 

world ;  a zero r a d i u s  would mean a n  i n f i n i t e  d e n s i t y  - a p remise  

n o t  a c c e p t a b l e  t o  m o s t  p h y s i c i s t s .  On t h e  o t h e r  hand ,  t h e  

general r e l a t i v i t y  t h e o r y  i s  a c l a s s i ca l  t h e o r y  - it is n o t  

ap2l icable  t o  atomic o r  s u b a t o m i c  phenomena. The e f f e c t s  of 

a to : :~ ic  phenomena i n  a g r a v i t a t i o n a l  f i e l d  c a n  be s t u d i e d  o n l y  

when t h e  g r a v i t a t i o n a l  f i e l d  i s  s u f f i c i e n t l y  weak, i . e . ,  when 

tlie v a r i a t i o n  o f  t h e  g r a v i t a t i o n a l  f i e l d  over  atomic o r  n u c l e a r  
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c m  r e spec t ivc1 .y )  i s  s m a l l .  T h i s  (10 - a  c m  or 10 - 1 3  d i i c n s i o n s  

c o n d i t i o n  i s  f u l f i l l e d .  IIowever, i n  t h e  e a r l y  s t a g e s  of { . i t a >  
1 .  

g r a v i t a t i o n a l  f i e l d  would enter i n t o  the quantum r e g i o n .  

; ? r e s e n t ,  no s u c c e s s f u l  q u a n t i m  thco3:y of g r a v i t a t i o n  has  bccn 

Geveloped - and n o  solution is  i n  sight. l i c n c c ,  we d o  n o t  

know how the U n i v e r s e  bchavcs n e a r  tiic p o i n t  of R = 0. 

A t  

' If w e  are n o t  c o n c e r n e d  w i t h  wiiat happens m a r  R = 0, 

t h e n  much can be s a i d  a b o ~ i k  the e v o l u t i o n  of o u r  Uli ivcrse .  A f t e r  

r o u g h l y  sec, t l i r ?  crravi t n l  i o n a l  f i e l d  will havc liccome c l a s s i -  

c a l ;  that i s ,  the v a r i a t i o n  of  the g r a v i t a t i o n a l  f i p l d  o v e r  an 

atomic o r  n u c l e a r  d imens ion  becomes small .  The d e n s i t y  of 

t h e  U n i v e r s e  becomes comparable  t o  the 6cns i . t y  of a n u c l e u s ,  

lo1* g/cm . 3 T h i s  i s  a very h i c j h  density, b u t  t h r .  p r o p e r t y  O F  

m a t t e r  a t  this d e n s i t y  i s  known th rough  t h e  s t u d y  of the pro- 

p e r t i e s  of nuclei. 
I 

Whatl makes a Unive r se  open or c l o s e d ?  T h i s  i s  d e t e r m i n e d  

by the m a t t e r - e n e r g y  d e n s i t y .  With thc p r e s e n t  v a l u e  of 

IIubblc ' s c o n s t a n t  , the Universe  i s  c l o s e d  i f  t h e  d e n s i t y  exccwds 

3 x g/crn3; otherwise it  is  open .  The p r e s e n t  d e n s i t y  

of m a t t e r  i n  g a l a x i e s  is 3 x 1 0  -31 q /c1n3 .  Does t h i s  mean t h a t  

khe Universe i s  open? W e  m u s t  remember t h a t  m a t t e r - e n e r g y  can  

a lso e x i s t  i n  o t h e r  forms.  We s h a l l  draw a t e n t a t i v e  c o n c l u s i o n  

later, a f t e r  s t u d y i n g  t h e  p h y s i c s  of t h e  Un ive r se .  

One f i n a l  word may be s a i d  a b o u t  t h e  c h a r a c t e r i s t i c s  of 

open and  c l o s e d  models .  I n  a c l o s e d  U n i v e r s e  t h e  t o t a l  amount 



o f  m a t t e r - e n e r g y  i s  f i n i t e .  The  Un ivc r sc  C?XPAIIC~S from a zero 

r a d i u s ,  and  t h e n  starts to  c o n t r a c t  a f t c r  r c n c h i n g  rl maximum 

radius, e v e n t u a l l y  r c t u r n i n g  t o  z c r o  raclius.  Wlin t happens 
o r  a t  l eas t  n o t  cl ai- r m R i n s t e ' r i ' s  thc 

a f t e r w a r d s  i s  n o t  known, The close$ mode? is  somekxrnes caffgd 1 
a n  o s c i l l a t o r y  model because  some r e l a t i v i s t s  b e l i e v e  t h a t  a 

closed model c a n  be c o n t i n u e d  by a d d i n g  another closed m o d c l  

a f t e r  a z e r o  r a d i u s  has been reached. H o p e f u l l y ,  t h e  Un ive r se  

w i l l  undergo  e x p a n s i o n  and c o n t r a c t i o n  o v e r  and  over a g a i n . .  

As f a r  a s  i s  known, w i t h i n  t h e  framework of E i n s t e i n ' s  t h e o r y  

of g r a v i t a t i o n ,  e x p a n s i o n  am1 cont:racti.on w i l l  occur o n l y  once .  

I t  may be a r g u e d  t h a t  since 1:instcin's t h a o r y  shou ld  n o t  bc 

v a l i d  a t  t h e  o r i g i n  of the U n i v e r s e ,  p e r h a p s  a n  unknown 

mechanism w i l l  c a u s e  t h e  Universe  t o  reverse i t s  d i rec t ion  of 

m o t i o n  when i t  c o n t r a c t s  t o  a c r i t i c a l  r a d i u s .  However, no 

known p h y s i c a l  mechanism c a n  a c h i e v e  o s c i l l a t i o n  and it i s  

p r e m a t u r e  t o  s p e c u l a t e  some "perhc ips"  mechanism. 

I n  c o n t r a s t ,  a n  open Universe  expands  f o r e v e r .  When the 

l a s t  s t a r  h a s  consumed a l l  i ts  n u c l e a r  e n e r g y ,  t h e  Universe  

w i l l  be  i n  t o t a l  d a r k n e s s .  I t  w i l l  he dead, b u t  s t i l l  expand.ing. 

T h e r e  are c e r t a i n  t h e o r e t i c a l  d i f f i c u l t i e s  associatcd w i t h  this 

model .  The main d i f f i c u l t y  lies i n  t h e  f a c t  t h a t  t h e  t o t a l  

e n e r g y  of s u c h  a Un ive r se  i s  n o t  d e f i n c d ;  when a l l  t h e  c n e r q y  

i s  added up,  o n e  g e t s  a n  absurd re su1 . t :  t h e  e n e r g y  i s  i n f i n i t - c .  

.However, t h i s  d i f f i c u l t y  o r i g i n a t e s  from t h e  f a c t  t h a t  t h e  

U n i v e r s e  h a s  an  i n f i n i t e  volume. Why s h o u l d  o u r  Un ive r se  

e x t e n d  t o  i n f i n i t y ?  I t  a p p e a r s  more n a t u r a l  t h a t  o u r  Un ive r se  
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s h o u l d  end  somewhere; b u t  so  f a r ,  t h i s  d i f f i c u l t y  has  n o t  been  

r e s o l v e d .  

Summarizing: Einstein's t h e o r y  of g r a v i t a t i o n  p e r m i t s  o n l y  

one  t y p e  of cosmology; namely, t h a t  i n  which t h e  Un ive r se  

o r i g i n a t e s  from a s i n g u l a r i t y  - l i t e r a l l y ,  a p o i n t .  

t y p e  of cosmology h a s  been  commonly c a l l e d  t h e  big bang t h e o r y .  

T h e r e  are t w o  a l t e r n a t i v e s  w i t h i n  t h e  b i g  bang t h e o r y :  i n  the 

closed model ,  t h e  U n i v e r s e  expands t o  a maximum r a d i u s  and t h e n  

c o n t r a c t i o n  t a k e s  p l a c e ;  i n  t h e  open model ,  t h e  Un ive r se  expands  

forever.  

T h i s  

P h y s i c s  of Cosmology - 
The model f u r n i s h e d  by  Fr iedmannbased  on  E i n s t e i n ' s  t h e o r y  

p r o v i d e s  a good s t a r t i n g  p o i n t .  

t h e o r i z e d  model i n  which p a r t i c l e  i n t e r a c t i o n  and i n h o m o g e n e i t i e s  

are n e g l e c t e d ,  'Yhe E i n s t e i n  equations co'uld be m o d i f i e d  to  

i n c l u d e  p a r t i c l e  i n t e r a c t i o n s  and i n h o m o g e n e i t i e s ;  b u t  t h i s  

would r e s u l t  i n  an  even  l a r g e r  number of e q u a t i o n s ,  and hence  

Admi t t ed ly  i t  i s  Q h i g h l y  

be more d i f f i c u l t  t o  s o l v e .  A l t e r n a t i v e l y ,  we c a n  take  the 

r e l a t i v e l y  s i m p l e  F r i cc fmannso lu t ions  a s  t h e y  s t a n d ,  and t r e a t  

pa r t i c l e  i n t e r a c t i o n s  as s m a l l  d i s t u r b a n c e s .  T h i s  a l t e r n a t i v e  

a p p r o a c h  g i v e s  a r e s u l t  v e r y  c l o s e l y  r e s e m b l i n g  t h a t  which would 

h a v e  been  o b t a i n e d  from the s e t  of more c o m p l i c a t e d  r e l a t i o n s .  
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F i g u r e  4 shows the s c h e m a t i c s  of t h e  e v o l . u t i o n  of mat ter  

i n  the U n i v e r s e .  T h i s  c h a r t  c a n  be c a l l e d  t h e  " o r g a n i z a t i o n  

chart of our Unive r sc . "  A s  was stated e a r l i e r ,  the mattcr- 

d e n s i t y  of t h e  U n i v e r s e  w a s  v e r y  h i g h  i n  t h e  e a r l y  epoch;  

lo - '  seconds  a f t e r  the Universe  was crea ted ,  the d e n s i t y  was 

of the o r d e r  of 1 0  g/cn , w h i c h  i.s t h e  n u c l e a r  d e n s i t y .  T h e  14 3 

A t  

t h i s  t e m p e r a t u r e  and  d e n s i t y ,  t h e  compos i t ion  of rn,~tter i s  

q u i t e  c o m p l i c a t e d .  Even p r o t o n s  a r c  n o t  s t a b l e :  t h c y  c a n  

unde rgo  r e a c t i o n s  which c o n v e r t  t h e m  i n t o  o t h e r  fundamcntal .  

p a r t i c l e s .  Even a n t i F r o t o n s  2 n d  nnt . i .ncutrons n r p  creatcd . 
The e n e r g y  d e n s i t y  o f  n e u t r i n o s  i s  a l s o  h i g h ,  be ing  compnra1)le 

t o  t h e  e n e r g y  d e n s i t y  o f  r a d i a t i o n .  

t c m p e r a t u r e  w a s  a l s o  v e r y  h1'.gh, a p p r o s i m a t c l y  1 0  OK, 

A s  t h e  Un ive r se  e x p a n d s ,  m a t t e r  and r a d i a t i o n  cool tlow11. 

When t h e  t e m p e r a t u r e  d r o p s  t o  1 0  1 0  O K ,  v i r t u a l l y  '111 s t r a n g o  

p a r t i c l e s  and a n t i p a r t i c l e s  ( e x c e p t  p o s i t r o n s )  have d i snppcs red ,  

Remaining a re  p r o t o n s ,  e l e c t r o n s ,  p o s i t r o n s ,  n e u t r o n s ,  and 

n e u t r i n o s .  

Because of t h e  n a t u r e  of p a r t i c l e - a n t i p a r t i c l e  i n t e r n c t j - o n s ,  

i t  j.s n o t  p o s s i b l e  f o r  p a r t i c l e s  t o  separate from a n t i p a r t i c l e s ,  

a s s ~ i r n i n y  thermodynamic e q u i l i b r i u m .  E i n s t e i n ' s  t h e o r y  of 

g r a v i t a t i o n ,  t h e  e x i s t e n c e  of p a r t i c l e - a n t i p a r t i c l e  i n t c r a c t : i o n ,  

and  t h e  r e c o g n i z e d  p h y s i c s  laws p r o h i b i t  t h e  c o e x i s t e n c e  of 

p a r t i c l e s  and a n t i p a r t i c l e s  i n  t h e  Un ive r se .  I n  o t h e r  words,  

Einstein-Friedmanncosmology e x c l u d e s  t h e  e x i s t e n c e  of a n t i -  

g a l a x i e s  ( g a l a x i e s  composed of a n t i m a t t e r ) .  The p r e s e n t  
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dominance of p a r t i c l e  p o p u l a t i o n  o v e r  a n t i p a r t i c l e  must have 

been a p r o p e r t y  of our  Un ive r se ;  t h i s  p r o p e r t y  e x i s t e d  W ~ P I I  

i t  was created.  The  e x i s t e n c e  of a n  a n t i g a l a x y  o r  a n t i - s t a r  

i s  i n c o n s i s t e n t  w i t h    in stein-~riedmann cosmology, i f  one 

a c c e p t s  t h e  p r e s e n t  form of l aws  of p h y s i c s .  
3 When t h e  t c m p c r a t u r e  drops  t o  1 0  O K ,  c\ l a r q c  f r a c t i o n  

of e l e c t r o n s  and  a l l  p o s i t r o n s  a r c  ill so a n n i h i l a t e d ,  e n r i c h i n g  

t h e  e n e r g y  of r a d i a t i o n .  Ti lp  compos i t ion  of mattcr a t  t h i s  

t e m p e r a t u r e  i s  p ro tons ,  n e u t r o n s ,  e l e c t r o n s ,  r a d i a t i o n ,  and 

n e u t r i n o s .  The latter (which a l s o  i n c l u d e  a n t i n e u t r i n o s )  , 
however ,  p l a y  a v e r y  n c g l i g i b l c  ro le  i n  t h e  f u r t h e r  c o u r s e  of 

e v o l u t i o n .  

Between a t e m p e r a t u r e  of 1 0 ~  O K  t o  a few t i m c s  l o *  O K ,  

a b u i l d u p  of e l c m c n t s  froin ,'I o fon<,  , i n t i  n e u t r o n s  takes place.. 

A t  h i g h e r  temperatures ,  nuc lc t  I a rc  t i n s  t:ahle and t h c y  w i l l  

b r e a k  up  a s  soon a s  t h e y  a r c  formed;  a t  lower t c m i ) c r a t u r e s ,  

the n u c l e a r  r e a c t i o n s  a re  t o o  slow a q a i n s t  t h e  expnns ion  time 

of t h e  U n i v e r s e .  

t i m c s  lo8 'I< 

t i m c  t h e  Un ive r se  spends  i n  t h i s  t e m p e r a t u r e  r a n g e  is a b o u t  

1 0 0 0  s e c o n d s .  

The  t e m p e r a t u r e  r a n g e  of l o 9  'IC t o  a few 

i s  j u s t  r i g h t  f o r  t h e  b u j l d u p  of e l c m c n t s .  T h e  

The  p r o c e s s  by which t h e  main e l e m e n t s  are b u i l t  up arc 

as follows: 

p + n * D  

D i- p -+ I I e 3  

H e 3  t n -t H e 4  
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T h e  n e u t r o n  c a p t u r e  p r o c e s s  ends up a t  IIclium 4 ,  bccause  there 

is no e l e m e n t  w i t h  a mass number of 5 ,  A smal l  f r a c t i o n  of 

iicavicr e l e m e n t s  c a n  be b u i l t  up by a n o t h e r  process however, 

b u t  t h e s e  p r o c e s s e s  are never  v e r y  i m p o r t a n t .  A l t o g e t h e r ,  i n  

t h e  f i r s t  h a l f - h o u r  of e v o l u t i o n  o f  o u r  U n i v e r s e ,  a p p r o x i m a t e l y  

20% of t h e  p r o t o n s  are  c o n v e r t e d  i n t o  he l ium.  

The r e l a t i o n s h i p  b e t w e e n  t h e  t e m p e r a t u r e  of r a d i a t i o n  and 

t h e  scqle l e n g t h  R i s  

-1 Tempera ture  of r a d i a t i o n  = R 

and t h a t  for matter i s  

-2 Tempera ture  of matter  0~ R 

Hence matter c o o l s  down f a s t e r  t h a n  r a d i a t i o n ,  Iiowever, i n  

r e a l i t y ,  t h e  t e m p e r a t u r e  o f  matter i s  v e r y  close t o  t h e  

t e m p e r a t u r e  of r a d i a t i o n ,  because  c o l l i s i o n  p r o c e s s e s  of t h e  

t y p e  

- 
y + e- + y + e ( e l e c t r o n  s c a t t e r i n g )  

c o n t i n u a l l y  t r a n s f e r  e n e r g y  f r o m  pho tons  t o  mat ter  t o  ra i se  

i t s  t e m p e r a t u r e .  Iiowever, when t h e  t e m p e r a t u r e  f a l l s  below 

lo6 OK, t h e  p r o c e s s  t h a t  e f f i c i e n t l y  t r a n s f e r s  ene rgy  from 

p h o t o n s  t o  matter i s  t h e  p h o t o i o n i z a t i o n  p r o c e s s  i n  which t h e  
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atomic electron is set free by absorbing a photon. 

The phot nionization process, however, tends to remove 

energy from the shorter wavelength part of radiation, because 

there is a threshold involved, as illustrated in Figure 5 ,  

The photoionization process will distort the radiation spcctrnm, 

but the effect is very small because the energy density of radia- 

tion is tens of thousands times greater than the energy density 

due to matter. The law of decrease of radiation energy density 

due to expansion is 

- 4  radiation energy density a R 

-3  matter energy density a R e 
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Hence, a t  a n  ea r l i e r  t i m e ,  r a d i a t i o n  e n e r g y  dominated .  

When t h e  t e m p e r a t u r e  f a l l s  below a few t i m e s  10 3 O K ,  

e l e c t r o n s  and i o n s  w i l l  have a l m o s t  c o m p l e t e l y  recombined,  

o f  a l l  l e a v i n g  o n l y  a t race amount of m a t t e r  (10 - 3  t o  

ma t t e r )  f r o z e n  i n  t h e  i o n i z e d  s t a t e  u n t i l  ga l ac t i c  f o r m a t i o n .  

As long as  t h e  r a d i a t i o n  e n e r g y  d e n s i t y  exceeds  t h e  mat te r  

e n e r g y  d e n s i t y ,  g r a v i t a t i o n a l  c o n d e n s a t i o n  o f  gas masses  i n t o  

g a l a x i e s  and  stars c a n n o t  t a k e  p l a c e .  T h i s  i s  because  r a d i a t i o n  

i s  a " l i g h t "  gas ;  it h a s  t o o  l i t t l e  e n e r g y  f o r  t h e  p r e s s u r e  it 

g e n e r a t e s .  I t s  p r e s s u r e  i s  f a r  too g r e a t  f o r  the s e l f  g r a v i -  

t a t i o n a l  a t t r a c t i o n  r e q u i r e d  t o  h o l d  it t o g e t h e r .  Because of 

t h e  l a w  of d e c r e a s e  of  e n e r g y  d e n s i t y  due  t o  expans ion  of the 

U n i v e r s e ,  r a d i a t i o n  e n e r g y  d e n s i t y  e v e n t u a l l y  becomes less 

t h a n  mat te r  e n e r g y  d e n s i t y .  A f t e r  t h i s  s t a g e ,  g a l a c t i c  forma- 

t i o n  c a n  t a k e  p l a c e .  The t e m p e r a t u r e  c o r r e s p o n d i n g  t o  a n  equal  

r a d i a t i o n  d e n s i t y  t o  mat te r  d e n s i t y  i s  around room t e m p e r a t u r e ,  

namely 300 O K .  

The c o n d i t i o n  f o r  g r a v i t a t i o n a l  c o n d e n s a t i o n  a t  a g i v e n  

t e m p e r a t u r e  and d e n s i t y  i n v o l v e s  a c e r t a i n  scale l e n g t h .  

G r a v i t a t i o n a l  c o n d e n s a t i o n  w i l l  t a k e  p l a c e  i f  t h e  dimension 

i n v o l v e d  e x c e e d s  t h i s  s c a l e  l e n g t h .  The scale l e n g t h  i n v o l v e d  

a t  a t e m p e r a t u r e  of 300  O K  is  i n  t h e  ne ighborhood of 1 0  c m ,  

c o n t a i n i n g  a mass of t h e  order of lo3' grams. 

a re  too s m a l l  t o  a c c o u n t  for  t h e  mass of most g a l a x i e s ,  b u t  t h e y  

i m p l y  t h a t  objects of a mass smaller than lo5 solar masses 

21 

These v a l u e s  
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c a n n o t  be condensed i n  t h e  i n t e r g a l a c t i c  medium. The smallest  

g a l a x y  obse rved  h a s  a mass close t o  l o 5  solar masses. 

From dimens ion  a n a l y s i s  we may conc lude  t h a t  t h e  h i e r a r c h y  

of g r a v i t a t i o n a l  c o n d e n s a t i o n  is:  c l u s t e r s  o f  g a l a x i e s ,  t h e n  

g a l a x i e s ,  s t a r  c l u s t e r s ,  s t a r s ,  p l a n e t s ,  rocks, e tc .  W e  c an  

t h e r e f o r e  r u l e  o u t  t h e  e x i s t e n c e  o f  rocks,  or s m a l l  i n v i s i b l e  

m a t t e r  i n  i n t e r g a l a c t i c  s p a c e .  

Once ga l ax ie s  e x i s t ,  s t a r s  are formed n e x t ,  The obse rved  

mass of stars r a n g e  from 0 . 1  solar mass t o  60  so la r  masses. 

The  n u c l e a r  e n e r g y  c o n t e n t  of a s t a r  is  rough ly  a f e w  t e n t h s  

of o n e  p e r c e n t  o f  i t s  rest e n e r g y ,  and t h e  l u m i n o s i t y  of stars 

i s  r o u g h l y  p r o p o r t i o n a l  t o  t h e  t h i r d  power o f  i t s  mass. Thus, 

t h e  l i f e  span  of mass ive  s t a r s  is c o n s i d e r a b l y  shorter  t h a n  

t h a t  of less m a s s i v e  stars. The l i f e t i m e  of a 60 so l a r  mass 

s t a r  is of t h e  order of  one m i l l i o n  y e a r s ,  b u t  t h e  l i f e  span  

o f  a s t a r  o f  0 . 8  s o l a r  mass is n e a r l y  20 b i l l i o n  y e a r s .  S i n c e  

t h e  p r o j e c t e d  age  of t h e  Universe  i s  l o l o  y e a r s ,  w e  may f i n d  

i n  some of t h e s e  oldest  s tars  t h e  p r i m o r d i a l  mat ter  t h a t  was 

m a n u f a c t u r e d  i n  t h e  f i r s t  h a l f  hour  o f  t h e  Un ive r se .  Such stars 

s h o u l d  c o n t a i n  n e a r l y  2 0 %  he l ium,  and none of t h e  h e a v i e r  

e l e m e n t s  such  a s  i r o n  and  c a r b o n ,  

We know t h a t  heavy e l e m e n t s  are formed i n  t h e  stars.  When 

s t a r s  become supe rnovae  or  e x p l o d i n g  stars, t h e s e  e l e m e n t s  arc 

e j c c t c d  i n t o  s p a c e .  I n t e r s t e l l a r  g a s  t h u s  becomes e n r i c h e d  

w i t h  heavy e l e m e n t s ,  and younger  stars s h o u l d  have a h i g h e r  heavy 

e l e m e n t  c o n t e n t  t h a n  older stars. Indeed ,  stars c a n  be c lass i -  
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fied into two populations: Population I stars, populating the 

spiral arm of a galaxy; and Population XI stars, populating 

the nucleus and the large halo region of a galaxy (Figure 6 ) .  

The heavy element content of Population I stars is about 3 % ,  

but for Population I1 stars it is much less than 1% - and in 
certain cases no spectral lines containing heavy elements are 

formed. 

At present, the primordial radiation which was once hotter 

than all the nuclear fires combined, has finally cooled to a 

temperature of 3 OK. How do we detect this radiation? This 

question will be answered below. 

Observational Tests of Cosmological Theories. 

We are now in a position to test theories of cosmology by 

experiments and observations.’ There are two types of tests, 

The first tests the geometrical structure of space-time asso- 

ciated with our Universe; in other words, one tries to observe 

the curvature of our Universe. In the other, one tries to 

observe the physical phenomena associated with the Universe, 

such as those discussed in the preceding section. 

Larqe-Scale Structure of our Universe. 

AS was stated previously, in Einstein-Friedmann cosmology’ 

the large scale structure of the Universe is characterized by 

a knowledge of the scale length R as a function of the time t. 

There are two parameters which characterize a model; the first 
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of these is t h e  Hubble c o n s t a n t  Hot, which is also t h e  f r a c t i o n a l  

e x p a n s i o n  rate: 

The second i s  t h e  d e c e l e r a t i o n  p a r a m e t e r ,  which c h a r a c t e r i z e s  

t h e  d e c e l e r a t i o n  of expans ion  ( n o t e  t h a t  i n  t h e  R v e r s u s  t 

c u r v e  ( F i g u r e  3) t h e  c u r v e  i n d i c a t e s  d e c e l e r a t i o n ) .  A l a r g e  

v a l u e  o f  qo means a more s t r o n g l y  d e c e l e r a t e d  Un ive r se .  

The s i g n  o f  t h e  c u r v a t u r e  of t h e  Un ive r se  (or t h e  openness  

o r  c l o s e d n e s s  o f  a p a r t i c u l a r  model) is determined by t h e  v a l u e  

of 9,; for  a Un-iverse whose c o n s t i t u e n t  i s  p redominan t ly  m a t t e r  

( l i k e  o u r  own) ,  i f  t h e  v a l u e  of qo e x c e e d s  0 . 5  t h e n  t h e  s i g n  

of t h e  c u r v a t u r e  i s  p o s i t i v e  (closed Unive r se ;  if t h e  v a l u e  of 

i s  below 0 .5 ,  t h e n  t h e  s i g n  o f  t h e  c u r v a t u r e  i s  n e g a t i v e  90 

(open  U n i v e r s e ) .  

to t h e  d e n s i t y ,  i t s  v a l u e  i s  

I n  a l l  cases t h e  v a l u e  of qo is  p r o p o r t i o n a l  

F o r  a Unive r se  whose c o n s t i t u e n t  is predominan t ly  r a d i a -  

t i o n ,  t h e  c r i t i c a l  v a l u e  for  qo i s  1 . 0 .  

When d i s t a n t  g a l a x i e s  a r e  o b s e r v e d ,  w e  are n o t  o n l y  l o o k i n g  

i n t o  d i s t a n t  s p a c e ,  b u t  

it t a k e s  t i m e  for l i g h t  

of d e c e l e r a t i o n  w i l l  be 

a l s o  l o o k i n g  backward i n t o  t i m e ,  because  

t o  r e a c h  u s 1  T h i s  means t h a t  t h e  e f f e c t  

most i m p o r t a n t  fo r  t h e  most d i s t a n t  
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galaxies. 

can be determined; that is, Hubble's constant. This effect 

For nearby galaxies, only the effect of expansion 

of deceleration shows up in several places: 

1) The density of galaxies will be different if we look 

backwards in time; this is because in the past, the Universe 

was more closely packed. 

2 )  The relation between the logarithm of red shift and 

the magnitude shows a non-linearity for distant galaxies. 

3 )  The curvature effect will also show up in the relation 

between the apparent angular size of a galaxy and the red shift. 

To illustrate this point, consider a two dimensional universe 
(see Figure 7) 

in the form of a sphere( Light is constrained to travel along 

the great circles. It is clear that at first the angular size 

of an object is inversely proportionad to the distance, but 6 

then the dependence becomes weaker and eventually the object 

reaches a minimum size at mid-point between the observer and 

the antipode, and the angular size increases beyond this mid- 

point. 

One of the reasons for the construction of the 200-inch 

Mt. Palomar telescope was to study these problems. Unfortunately, 

after the telescope was put into use, astronomers discovered 

that they had underestimated the distance of distant galaxies 

by a factor of two. This also meant that a 200-inch telescope 

could not provide answers to the three questions unless some 

ingeneous method were used. 
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I n  F i g u r e  1 w e  have c l e a r l y  shown t h e  t h e o r e t i c a l  p r e d i c -  

t i o n s  of log V v e r s u s  mv-k F i g u r e  8 shows t h e  red s h i f t -  

a p p a r e n t  magni tude  r e l a t i o n  for 39 i d e n t i f i e d  radio s o u r c e s .  

C l e a r l y ,  no  i n f o r m a t i o n  on qo i s  ava i lab le ,  

r *  

I n  h i s  work, Hubble discovered t h a t  t h e  i n t r i n s i c  magni tude  

of the b r igh te s t  members of clusters of g a l a x i e s  a p p e a r s  t o  be 

r a the r  c o n s t a n t  among t h e  samples  h e  h a s  s t u d i e d ,  i n  t h e  s e n s e  

t h a t  t h e  o b s e r v e d  curve of t h e  l o g a r i t h m  of t h e  red s h i f t  v e r s u s  

the magnitude ( a f t e r  correcting for red s h i f t  according to the 

a c t u a l  spectrum) is  l i n e a r  w i t h  o n l y  a small sca t te r  of da t a  

(to 0 . 2  m a g n i t u d e s ) ,  A l l a n  R. Sandage used  t h i s  p r o p e r t y  t o  

s t u d y  t h e  c u r v a t u r e  o f  o u r  Un ive r se .  H i s  r e c e n t  r e s u l t  (shown 

i n  F i g u r e  9) shows t h a t  t h e  t h e  v a l u e  of qo is v e r y  close t o  u n i t y  

b u t  t h e  error is s t i l l  l a r g e - o f  t h e  order of 50%.  I f  t h i s  

r e s u l t  i s  t a k e n  l i t e r a l l y ,  t h e n  our Unive r se  c a n  be described by 

a closed model. (A  word of c a u t i o n  h e r e  is n o t  t o  be over en thu -  

s i a s t i c  a b o u t  t h i s  number. The work is s t i l l  b e i n g  carried o u t  

by Sandage and h i s  c o l l a b o r a t o r ,  J, K r i s t i a n .  Theyare  o p t i m i s t i c  

a b o u t  t h e i r  a b i l i t y  t o  o b t a i n  a more a c c u r a t e  v a l u e  of t h e  de- 

c e l e r a t i o n  parameter q o . )  

Remnants of C r e a t i o n  

We c a n  a l s o  examine more c l o s e l y  t h e  remnants  of c r e a t i o n  

- w h a t  o u r  U n i v e r s e  h a s  l e f t  u s  t o  s t u d y  t o d a y ,  T h i s  approach  

h a s  been  t a k e n  up r e c e n t l y  mare v i g o r o u s l y  t h a n  ever, What are  

t h e  relics from c r e a t i o n ?  From what  we have  d i s c u s s e d ,  w e  see 

t h a t  w e  have  t h e  f o l l o w i n g  t o  study1 
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1) The cosmic blackbody radiation. As was mentioned 

earlier, the primordial radiation, once hotter than all nuclear 

fires combined, has now cooled to an incredible three degrees 

above absolute zero. Can we detect it? 

and indeed we have already detected at least a part of it. 

The answer is yes, 

Penzias and Wilson at Bell Telephone Laboratories under- 

took an experimental program to measure the microwave noise at 

7 cm due to our atmosphere, in connection with the Echo Communi- 

cations Satellite Project. The Penzias-Wilson apparatus consisted 

of an antenna pointing towards an arbitrary direction in the 

sky; slowly the antenna was directed towards zenith. One should 

expect that the noise due to atmosphere should decrease towards 

zenith. Indeed this was observed, but when they extrapolated 

their results to zero zenith height, Penzias and Wilson found 

a small amount of residual radiation corresponding to a black- 

body radiation of 3 O K  at this wavelength. When they communi- 

cated their findings to Robert H .  Dicke, he was not in the least 

surprised; he had constructed a similar apparatus, but with 

the specific intent of searching for remnants of this primordial 

radiation. What Dicke, Penzias and Wilson did not realize was 

that Gamow and his associates had already predicted the existence 

of a blackbody radiation of a few degrees above the absolute 
zero some 14 years earlier. Their paper was forgotten in the I I 

course of time because they were too much ahead of their time. 

According to a recent calculation, the deviation of the I 

cosmic radiation from the blackbody radiation should be exceed- 

I' 
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I .  

ingly small - around one part in lo6 for our Universe.’ For 

all practical purposes the spectrum may be taken to be that of 

a blackbody. To date, about 10 points have been measured, a l l  

in good agreement with a cosmic blackbody radiation at a tempera- 

ture of 2 .7  O R ,  as shown in Figure 10. If this radiation is 

really cosmic in nature, it should be strictly isotropic. The 

isotropy of this radiation has been confirmed to an accuracy 

’ 

of 0.1%. 

However, before one can accept the fact that this radiation 

is indeed the remnant of the primordial fire of creation, we 

must be critical about the interpretation of observational 

results. Penzias and Wilson’s original findings were accepted 

as the cosmic radiation because there was no other interpretation 

available. Further, only the low frequency.spectrum is available 

(below the maximum in the Planck distribution curve). We 

would be more comfortable if a point in the high frequency 

spectrum after the Planckian maximum were available. The 

maximum occurs at around .9 mm wavelength. Unfortunately below 

a wavelength of three mm., the atmosphere is a strong absorber 

of electromagnetic radiation; hence, this problem can only be 

solved by performing experiments above the atmosphere. At 

present there are few points available from interstellar 

molecular absorption (such as CN, CH and OH) line strengths 

in stellar spectra, but their interpretation is more difficult. 

Even with this precaution in mind, I personally believe 

that the nature of the cosmic radiation is w e l l  explained as 
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t h e  remnant  o f  t h e  f i re  o f  c r e a t i o n .  

2 )  According  to cosmological t h e o r y ,  t h e  he l ium c o n t e n t  

of mat ter  one  h o u r  a f te r  c r e a t i o n  u n t i l . s t a r  f o r m a t i o n  

20-30%. 

we w i l l  be a b l e  t o  d e m o n s t r a t e  t h a t  t h e  t e m p e r a t u r e  o f  t h e  

Un ive r se  w a s  once  a s  h i g h  as l o 9  OK. 

is between 

I f  he l ium l i n e s  c a n  be found i n  t h e  oldest  stars t h e n  

The t y p e  o f  stars for  which w e  are l o o k i n g  a r e  P o p u l a t i o n  I1 

s t a r s ,  which are old stars. 

are q u i t e  l o w  ( i n  t h e  neighborhood of 3000 O K  or lower); h e l i u m  

l i n e s  c a n  be excited o n l y  i n  t h e  ho t t e s t  stars ( w i t h  a s u r f a c e  

t e m p e r a t u r e  of l o 4  o r  g r e a t e r ) .  

stars t h e  p r e s e n c e  of he l ium c a n n o t  be detected. Helium l i n e s  

have been detected i n  some P o p u l a t i o n  I1 stars which have 

evolved away from t h e  main sequence  and have a h i g h e r  tempera-  

t u r e ,  b u t  t h e  e x a c t  helium c o n t e n t  i s  n o t  known, 

However, t h e i r  s u r f a c e  t e m p e r a t u r e s  

Hence i n  o r d i n a r y  P o p u l a t i o n  I1 

The t w o  tests d e s c r i b e d  above are t h e  most i m p o r t a n t  

which  are c u r r e n t l y  b e i n g  carried o u t  i n  a number of  labora- 

tories and o b s e r v a t o r i e s  

Y e s ;  however,  t h e y  are even  more d i f f i c u l t  t o  c a r r y  o u t .  

For example:  

A r e  t h e r e  o t h e r  p o s s i b l e  tests? 

1) The Einstein-Friedmanncosmology p r e d i c t s  no a n t i -  

p a r t i c l e s  i n  t h e  Un ive r se .  Thus f a r ,  no a n t i p a r t i c l e s  have 

b e e n  detected i n  cosmic r a y s b  However, t h e  e x p e r i m e n t a l  upper  

l i m i t  for  a n t i p r o t o n  f l u x  is far  from s a t i s f a c t o r y  for t h i s  

k i n d  of work. 
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2 )  According to the Einstein-FriedmannCosmology, there 

should be at most a small amount of ionized gas in inter- 

galactic space. No experimental upper limit or ,lower limit 

is available. 

3 )  The neutrino and antineutrinos should also have a black- 

body spectrum with a slightly lower temperature ( d 2 . 2  OK). 

However, the detection of such neutrinos is beyond even the 

realm of theoretical possibility. 

One Major Difficulty with the Present Cosmology: Stellar Aqc.  

Despite the measure of success inEinstein-Friedmann 

cosmology, there are still some serious difficulties. The 

most prominent is the inconsistency between the age of the 

oldest stars in our Galaxy and the age of the.Universe. Stars 

can be dated by using accurate stellar models and the observed 

H-R diagram, which is a plot of stellar luminosity against 

their surface temperature (Figure 11). In this plot, 90% of 

the stars fall into a diagonal strip called the main sequence, 

The theory of stellar evolution tells us that after a certain 

fraction of stellar nuclear energy is consumed, stars evolve 

away from the main sequence to the red giant region (charactcr- 

ized by high luminosity and low surface temperature) 

9). The time when stars evolve away from the main sequence is 

strongly dependent on their mass, but practically independent 

of the chemical composition, According to Sandage the age of 

the star cluster .NGC 188 

(see Figure 

is (1.5 + - 0.21 x lo1' years. 
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The age of t h e  Un ive r se  may be o b t a i n e d  once  t h e  present 

I 

v a l u e  of H, and  q, are known, 

t h e  Hubble age which is l/Ho. 

y e a r s .  If t h e  matter d e n s i t y  i s  n e a r l y  z e r o  and R i n c r e a s e s  

I n  general  t h e  age is  less t h a n  

For o u r  Un ive r se  t h i s  i s  1.3 x 1 0  1 0  

l i n e a r l y  w i t h  t ,  t h e n  t h e  a g e  is l / H o .  However, i f  t h e  matter 

d e n s i t y  i s  n o t  zero, t h e n  t h e  Un ive r se  h a s  d e c e l e r a t e d  d u r i n g  

i ts e x p a n s i o n  and  l / H o  is g r e a t e r  t h a n  t h e  a c t u a l  age of o u r  

Universe. If t h e  v a l u e  of qo is u n i t y ,  t h e n  t h e  a c t u a l  age of 

o u r  U n i v e r s e  i s  o n l y  8 or  9 b i l l i o n  y e a r s  -much too small  t o  

a c c o u n t  fo r  t h e  e x i s t e n c e  of those o l d  s t a r  c l u s t e r s .  A b a r e l y  

a c c e p t a b l e  p r e m i s e  i s  t o  admit  t h a t  t h e  e n e r g y  d e n s i t y  of o u r  

U n i v e r s e  is t h e  e n e r g y  d e n s i t y  of g a l a x i e s ,  namely .. 3 x 1 0  

g/cm b T h i s  w i l l  give a v e r y  small v a l u e  of q,; 

-31 

3 t h e  age of 

t h e  Universe and  H0'l w i l l  n e a r l y  c o i n c i d e ,  

. 
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APPENDIX 

A Brief History of Einstein-Friedman Cosmologx 

Year Name Event 

Theory of special relativity 
formulated. 

1905 Albert Einstein 

1915 Albert Einstein 

1916 Karl Schwarzschild 

1917 

1918 

1922 

Albert Einstein 

Albert Einstein 

Arthur Eddington 

A. Friedmann 

1905-1925 V. M. Slipher 
G. Stromberg 

1928 G. Hale 

. ,  . 

Theory of general relativity 
formulated, 

Obtained the field solution to 
a spherical mass distribution. 

Explained the advancement of the 
perihelion of Mercury. Predicted 
the bending of light around the 
sun. 

Failed to produce-a static cos- 
mology. Introduced an arbitrary 
constant called cosmological 
constant to force his cosmology 
to be a static one. 

Confirms the bending of star light 
around the sun during solar eclipse. 

Obtained a dynamical solution in 
which the Universe is forever in 
a state of motion. This is the 
birth of the big bang theory which 
is the central theme of this paper. 

Obtained the red shift velocity 
of a number of nebulae; found that 
the velocities of some of them 
range to 1000 km/sec. 

Promoted the construction of the 
200" telescope in Mt. Palomar. 
Funds were provided by the Rocke- 
feller Foundation, 

(continued) 
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' History of Einstein-Friedman CosmOlOgy (Cont'd. 

Year Name ' Event 

1929 E. Hubble 

1931 GI Lemaitre 

1934 

1945 R. H. Dicke 

1948 

1950 

1953 G. Gamow 
R. A, Alpher 
R. C. Herman 

1964 R. H. Dicke 

A, A. Penzias 
R. We Wilson 

1967 

1968 and beyond 

D e f i n i t e l y  confirmed Slipher and 
Stromberg's findings; in addition 
Hubble showed that the expansion 
rate of increases linearly with 
the distance. Expanding universe 
i s  thus accepted. The expansion 
rate constant is called the 
Hubblefs constant. 

Further studied cosmological 
models; laid down the foundation 
of the big bang theory. 

200" mirror blank was cast in 
Corning, New York. 

Invented the first radiometer. 

Dedication of 'the 200" telescope 
which is named after Hale. 

The first discovery made on the 
200" telescope: the distance scale 
used previously is too small by a 
factor of 2 .  

Formulated the physical conse- 
quences of the big bang theory. 
Predicted 1) cosmic radiation 
background of the order of 5 OK, 
2) 29% primordial helium in oldest 
stars. Their papers were entirely 
forgotten because they were too 
much ahead of time. 

Did not read Gamow et al. papers. 
Rediscovered independently the 
cosmic blackbody radiation back- 
ground. 

Found a residual radio noise of a' 
temperature of 3 O K  at 7 cm unex- 
pectedly when they were trying to 
improve communication by Echo 
Satellite. Used Dicke type radio- 
meter. 

Radiation background temperature 
is 2.7 OK, 

? 
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MEASUREMENTS OF COSMIC BLACKBODY RADIATION 

a s  of November 1967 

0.26 

0.80 

1.5 

1.58 

3.2 

7 .35  

20.7 

21.0 

t o  73.5 

2.7 3.6 (CN) 

2.85 + ? (a) - 

2.9 + 0.7  - 
2.0 + 0.8 - 

3.0 + 0.5  - 

3.5 + 1.0  - 
2.8 + 0.6 - 

3.2 - + 1.0 

2.5 + 1 . 6  AVge - 

Isotropy measurements: 

F i e l d  and Hi t chcock ,  Ap. J. 1 4 6 ,  1 (1966) , 
Phys.  Rev. L t r s .  1 6 ,  817 m 6 6 ) .  - 

Thaddeus and Clauser ,  Phys.  Rev. L t r s .  

I b i d ,  (reported a t  3rd Texas Symposium. 

1 6 ,  819 (1966) - 

J a n .  1 9 6 7 ) .  

Salmonovich ( r e p o r t e d  a t  I A U ,  1 9 6 7 ) .  

Welch, e t .  a l .  Phys.  Rev. L t r s .  1 8  

S t o k e s ,  P a r t r i d g e  and  Wilk inson ,  Phys.  

R o l l  and  Wi lk inson ,  Phys.  Rev. L t r s .  

1068 ( 1 9 6 7 ) .  

Rev. L t r s .  - 1 9 ,  1199 (1967) . 
- 1 6 ,  405 (1966) .  

S t o k e s ,  P a r t r i d g e  and Wi lk inson ,  Phys.  
Rev. L t r s .  1 9 ,  1199 ( 1 9 6 7 ) .  - 

P e n z i a s  and Wilson ,  Ap. J. 142 419 

H o w e l l  and  S h a k e s h a f t ,  N a t u r e  210 

-' 
( 1 9 6 5 ) .  

1318 ( 1 9 6 6 ) .  -' 

P e n z i a s  and Wilson ( r e p o r t e d  t o  AAS, 
L o s  Ange le s ,  Dec. 1 9 6 6 ) .  

H o w e l l  and  S h a k e s h a f t  ( r e p o r t e d  a t  I A U ,  
1 9 6 7 ) .  

P a r t r i d g e  and Wi lk inson ,  Phys.  Rev. 
L t r s .  1 8 ,  557 (1967) ;  N a t u r e ,  
Aug. 1967. 

Conk l in  and  Bracewell, Phys. Rev. L t r s .  
1 8 ,  614 (1967) ; P r e p r i n t ,  Nov. 1967') . _. 

P e n z i a s  and  Wilson, Science, 156 ,  1 1 0 0 .  - 
(1967) . 

c 

I 
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FIGURE CAPTIONS 

Figure 1, Theoretical curve of the log CZ vs mv-k 

with some observational points, 

tion parameter explained in the figure caption of 

Figure 3 ,  and later in the text. At small values 

of log (l+Z) all curves coincide. 

relation, r 
q, is the decelera= 

Figure 2. Actual photographic plate (real size) of the spectrum 

of a nearby galaxy NGC 2985.and an enlargement of 

the spectrum. 

and K lines found in stellar spectra, 

lines have been shifted with respect to laboratory 

standards shown on top and bottom of the spectrum. 

The receding velocity of this galaxy is 1300 km/sec, 

The two dark lines are the calcium H 

The two dark 

Figure 3 .  Schematic diagram illustrating the behavoir of the 

scale length R in different Einstein-Friedmann cos- 

mology. 

cosmological models of different deceleration para- 

meter qo in descending order (see text). 

nificance of qo is explained later in the text. 

Curves 1,2,3 denote closed models with go> 0.5 for 

a universe whose predominant composition is matter 

The curves 1,2,3,.., denote a sequence of 

The sig- 

(or g o >  1.0 for a universe whose predominant 

composition is radiation), and curves 5 , 6 , 7  denote 

models with q, < 0.5 for a matter universe (or qo<l,O 

for a ,radiation Universe), The critical case q, = 0.5  
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Schemat i c  diagram i l l u s t r a t i n g  t h e  c u r v a t u r e  e f f e c t  

on t h e  a p p a r e n t  a n g u l a r  s i z e  of an o b j e c t  i n  a t w o  

d i m e n s i o n a l  Universe .  

a l o n g  great c i r c l e s .  

of a n  object a t  p o i n t s  a , b , c , d ,  w i l l  be  bounded by 

t h e  g e o d e s i c s  1,l; 2 , 2 ;  3 , 3 ;  4 , 4 .  The a p p a r e n t  

a n g u l a r  d i a m e t e r  w i l l  f i r s t  d e c r e a s e  from p o s i t i o n  a 

u n t i l  it r e a c h e s  a minimum a t  t h e  half-way p o i n t  c ,  

where i t s  a p p a r e n t  a n g u l a r  diameter is a minimum, 

A f t e r w a r d s  i ts a n g u l a r  s i z e  w i l l  increase. 

r e d  s h i f t  causes objects n e a r  t h e  a n t i p o d a l  p o i n t  t o  

become i n v i s i b l e ,  

L i g h t  is c o n s t r a i n e d  t o  move 

The a p p a r e n t  a n g u l a r  d i a m e t e r  

I n  p r a c t i c e  

- 

The r e d - s h i f t - a p p a r e n t  magni tude  r e l a t i o n  f o r  3 9  

i d e n t i f i e d  r a d i o  sources. 

t h e  q u a s i - s t e l l a r  sources w i t h  known r e d - s h i f t s  p l u s  

3C286 w i t h  an  assumed r e d - s h i f t  o f  z = 0.850. 

The open t r i a n g l e s  are 

L~ > e r g / s .  

The r e d - s h i f t - a p p a r e n t  magni tude  r e l a t i o n  f o r  t h e  

f i r s t  r anked  member of c l u s t e r s .  Closed  circles 

r e p r e s e n t  p h o t o e l e c t r i c  o b s e r v a t i o n s  made e i t h e r  by 

P e t t i t  or  t h e  a u t h o r .  

d e t e r m i n e d  s c h r a f f i e r k a s s e t t e  magn i tudes  d i s c u s s e d  by 

HMS. The open circle w i t h  error b a r s  i s  3C295. The 

The a b s c i s s a  is t h e  t o t a l  V magni tude  c o r r e c t e d  for 

t h e  K=dimming and galact ic  a b s o r p t i o n ,  

The crosses are p h o t o g r a p h i c a l l y  
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is  r e p r e s e n t e d  by t h e  c u r v e  4, i n  t h i s  case t h e  ex-  

p a n s i o n  o f  t h e  Universe g r a d u a l l y  comes t o  a s t a n d -  

s t i l l .  

i n  t h e  c o u r s e  of t i m e ,  and models w i t h  greatest  

d e c e l e r a t i o n  (curve 1) have  t h e  h i g h e s t  v a l u e  of qo* 

Hence t h e  name d e c e l e r a t i o n  parameter. 

Note i n  a l l  cases t h e  expans ion  rate decreases. 

F i g u r e  4 .  Schemat i c  diagram i n d i c a t i n g  t h e  r e l a t i o n  between 

p h y s i c a l  p r o c e s s e s  and t h e  e v o l u t i o n  of o u r  Un ive r se .  

F i g u r e  5.  The e v o l u t i o n  of b l ackbody  r a d i a t i o n  i n  o u r  Un ive r se  

as  a f f e c t e d  by hydrogen r e i o n i z a t i o n .  Curves  1,2,3,4 

show t h e  blackbody spec t rum a t  f o u r  s t a g e s  of t h e  

U n i v e r s e  i n  i n c r e a s i n g  t i m e  sequence .  The t e m p e r a t u r e  

of t h e  b lackbody s p e c t r u m  is  d e c r e a s e d  b e c a u s e  o f  t h e  
- 

e x p a n s i o n  o f  o u r  Un ive r se .  The t h r e s h o l d  e n e r g y  of  

p h o t o i o n i z a t i o n  of  hydrogen is 13.6 e V  and  a t  a g i v e n  

t i m e  it a f f e c t s  o n l y  t h e  p a r t  o f  a photon  spec t rum 

w i t h  e n e r g y  g r e a t e r  t h a n  t h e  t h r e s h o l d  e n e r g y .  Thus,  , 

o n l y  a p a r t  o f  t h e  s p e c t r u m  is  a f f e c t e d  and e v e n t u a l l y  

when t h e  b u l k  of t h e  b lackbody r a d i a t i o n  i s  below t h e  

t h r e s h o l d  ( cu rve  4) t h e  r a d i a t i o n  spec t rum i s  f r o z e n  

u n t i l  p r e s e n t .  The t e m p e r a t u r e  c o r r e s p o n d i n g  t o  t h e  

o n s e t  o f  f r e e z i n g  of r a d i a t i o n  is around 6000 O K  and 

t h e  t e m p e r a t u r e  of t h e  p r e s e n t  cosmic blackbody 

r a d i a t i o n  i s  believed t o  be 2.7 OK. 

F i g u r e  6.  Schemat i c  s t ruc tu re  of a galaxy (side view). 
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Figure 11. 
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Cosmic noise background as of October 5, 1967. 

The numbers marked CN, CH, CH' are obtained from 

interstellar absorption lines in stellar spectra, 

(Courtesy of K. Thorne) 

Comparison of the theoretical Mbol Te diagrams for 

clusters of different ages with the observed diagram 

for M67 and NGC 188. The two dots represent 6 

and PHer A. 

Eri 
, 

The numbers on the theoretical lines 

are the ages in 10 9 as unit, Hoylets "type I" 

evolutionary track was used to obtain the theoretical 

diagram. - 
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